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ABSTRACT
FUNDAMENTAL STUDY OF TWO-PHASE FLOW IN THE POROUS MEDIA OF
POLYMER ELECTROLYTE MEMBRANE FUEL CELLS (PEMFC)
Kyamra Marma, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Kyu Taek Cho, Thesis Director

Polymer electrolyte membrane fuel cells (PEMFC) is an electrochemical device that
converts the chemical energy of fuels into electrical energy through electrochemical reactions.
Due to the zero emissions and high efficiency, PEMFC has been regarded as one of the most
promising future energy sources. However, water management in the PEM fuel cell is a critical
issue for the effective cell operation and full-scale application. Sufficient water must be
maintained in the membrane to facilitate proton transfer, but if it exists in excess, the water will
flood the catalyst layer. The amount of water generation is directly and entirely contingent upon
operating conditions. When liquid droplets form, the pore paths for transporting reactant through
a porous diffusion media as well as a catalyst layer may be blocked resulting in the degradation
of the cell’s performance. Therefore, it is important to understand the two-phase (i.e. mixture of
liquid and gas) flow in the porous diffusion media to resolve issues due to the excess water in the
cell.
In this study, a physics-based one-dimensional isothermal mathematical model was
developed to understand the effects of operating conditions (humidity conditions and current
density) on the water distribution of the fuel cell. It was found that gas humidity conditions and
operating current density has a significant impact on water distribution and should be considered

during cell design. The transport of liquid water in equilibrium with water vapor and reactant
gases in the porous diffusion media of the PEMFC was studied by implementing physics of twophase flow in porous soil media into the model. The effects of surface properties (i.e.
hydrophobicity and hydrophilicity), wetting characteristics, and pore structures (micro-pore and
macro-pore) of porous diffusion media on liquid water transport were explored. It is evident that
two-phase flow should be considered after reaching threshold operating conditions and
hydrophobic diffusion media with larger contact angles enhances residual water removal from
the cell. Composite pore structures (multi-diffusion layer) enhance water transport and reduce
liquid saturation at catalyst layer. Since the liquid water formation depends on saturation
pressure, which is a strong function of temperature, a thermal analysis model was studied to
analyze temperature variation during operation. The effects of operating current densities and
thermal conductivities of porous diffusion media on the temperature variation were investigated.
The additional liquid water transport originated from temperature variation in the cell, known as
phase change induced (PCI) flow, were introduced in the two-phase flow model.
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𝐸 𝑜 (𝑇, 𝑃)
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Cell voltage (V)
Reversible or equilibrium cell voltage (V)
Maximum thermal voltage (V)

𝐻

Enthalpy of formation (kJ/kmol)

𝐺𝑜

Gibbs energy of formation (kJ/kmol)

𝑛

Number of electrons per mole of interest (eq./mol)

𝐹

Faraday constant (C/eq.)
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Universal gas constant (J/mol.K)
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Activity coefficient of the reactants or product
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Exchange current density (A/cm2)
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Limiting current density (A/cm2)
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Charge transfer coefficient
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Electrode reactant concentration (mol/liter)

𝐶∗

Reference concentration (mol/liter)
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Reactant concentration (mol/liter)

𝜂𝑖

Overpotentials or voltage losses (V)

𝛾

Reaction order

𝑇

Operating temperature (K)

𝑆ℎ𝐷

Sherwood number

ℎ𝑚

Convective mass transfer coefficient (m/s)

𝐷ℎ

Hydraulic diameter (m)

𝐷𝐻2 𝑂

Water diffusivity (m2/s)

𝐽𝑖′′

Mass flux (kg/sec.m2)

𝜖

Porosity

𝑆

Source term
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Mm

Membrane molecular weight (kg/mol)

ρdry

Membrane density (kg/cm3)

λm

Water content in the membrane

σm

Ionic conductivity of the membrane (S/cm)

𝐾

Permeability of diffusion media (m2)

𝑘𝑟𝑙

Relative permeability of the liquid phase

𝑘𝑟𝑔

Relative permeability of the gas phase

𝜇𝑙

Liquid water viscosity (Pa.S)

𝜌𝑙

Liquid water density (kg/m3)

𝑀𝐻2 𝑂

Molecular weight of water (kg/mol)

s

Liquid saturation

𝑢𝑙

Liquid flux

𝜎

Surface tension (N/m)

𝜃𝑐

Contact angle

𝑃𝑐

Capillary pressure (Pa)

𝑃𝑙

Liquid phase pressure (Pa)

𝑃𝑔

Gas phase pressure (Pa)

𝑄̇

Volumetric heat generation (W/m3)

𝑘

Thermal conductivity (W/m.K)

𝑃𝑠𝑎𝑡

Saturation pressure (Pa)

𝐷𝐺𝑇

Equivalent diffusion coefficient (kg/m.s.K)

𝑚̇ 𝑥

Mass flux (kg/m2.sec)

CHAPTER 1
INTRODUCTION
1.1 Background
The fuel cell is a device which converts the chemical energy of reactants into electrical
energy by means of the electrochemical reactions. Usually, a fuel cell consists of an electrolyte
sandwiched between the anode and cathode porous electrodes. A fuel cell can generate electrical
energy as long as reactants (fuel and oxidizer) are being supplied, unlike a battery that needs to
recharge or throw out after the stored fuel or oxidizer once being depleted. The interest in fuel
cell increased from last decade by considering the impacts of fossil fuels such as severe pollution
impacts on the environment. To scale down the dependency on the fossil fuels, it was substantial
to invent more efficient, eco-friendly, and renewable power sources. Since the fuel cell directly
converts chemical energy into electrical energy, the operating efficiencies of the fuel cell are not
limited by Carnot cycle (Khandelwal, 2006; Pasaogullari & Wang, 2004a).
In addition to potential high efficiency, fuel cells are also beneficial in respect of noise-free
and emission-free operation. In the polymer electrolyte membrane fuel cells (PEMFC), hydrogen
is used as a fuel, the product of the electrochemical reaction is only water. Therefore, pollutants
such as nitrous oxides, carbon dioxide, carbon monoxide, and other particulate matters generated
from combustion of fossil fuels are disposed of to zero. Thus, polymer electrolyte membrane fuel
cells (PEMFC) becomes one of the most promising prospective power sources by considering its
high-efficiency and emission-free operation. Moreover, PEMFC can work at a lower operating
temperature (20-100°C), lighter and compact, which provides a classical foundation to operate
effectively in the stationary, automotive and military applications. However, for the feasibility of
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such applications, several technical challenges must be worked out such as (i) water and heat
management, (ii) cell durability, (iii) system power density, (iv) fuel storage, (v) power
generation and delivery, (vi) auxiliary components and cost of the systems, and (vii) the
recognition in the market place (Mench, 2008; Qin, Rensink, Stephan, & Hassanizadeh, 2012).

1.2 Polymer Electrolyte Membrane Fuel Cell (PEM Fuel Cell)
Polymer electrolyte membrane fuel cells is an electrochemical device that converts chemical
energy of fuels (hydrogen (H2) as fuel and oxygen (O2) or air as the oxidizer) to electrical energy
through electrochemical reactions, produce water and heat as by-products. In a PEMFC, a proton
(H+) conducting polymer electrolyte membrane is sandwiched between two electrically
conducting porous electrodes. At the anode, hydrogen gas (H2) is converted to protons (H+) and
electrons (e-) at the catalyst layer-membrane interface. The protons (H+) passes through the
membrane to the cathode side of the cell while the electrons travel to an external circuit and
generate electrical power of the cell. Oxygen (O2), usually air, is supplied on the cathode side,
reacts electrochemically with the protons (H+) and electrons (e-) to produce water at the cathode
catalyst layer-membrane interface. The reactions of PEM fuel cell are given below (Mench,
2008; Revankar & Majumdar, 2014):

Anode HOR : H2 → H + + e−
1

Cathode ORR : H + + e− + 2 O2 → H2 O
Overall

1

: H2 + 2 O2 → H2 O

(1.1)
(1.2)
(1.3)

3

Through this method, PEMFC can generate continuous electrical energy if hydrogen (H2) and
oxygen (O2) or air are being supplied.

1.2.1 Cell Description
The basic structure of a polymer electrolyte membrane fuel cell consists of an anode, a
cathode, and are separated by a polymer electrolyte membrane. Both anode and cathode are
framed with the current collector, flow field, gas diffusion media or gas diffusion layer, and
catalyst layer shown in Fig. 1.1. The polymer electrolyte membrane has a fixed chain of sulfonic
acids bonded to polymer polytetrafluoroethylene (PTFE) structure and exhibits two sub
structures: i) a hydrophilic and ionic conductive phase related to sulfonic acids groups and ii) a
hydrophilic but inert backbone phase provides stability and durability. The polymer membrane
not only transports ions (H+) but also prevent reactants and electrons crossover.

Figure 1.1:

Basic structures of PEM fuel cell (Davies, 2014).

The catalyst layers are assigned on both sides of the polymer electrolyte membrane which
is usually impregnated with the platinum catalyst and backed by carbon particles. The

4

electrochemical reactions take place in these catalyst layers and referred as active reaction sites.
The united structure of the two catalyst layers and the polymer electrolyte membrane are usually
defined as the membrane electrode assembly (MEA). Outside of this structure, carbon structured
porous gas diffusion media (GDM) is introduced to transport of reactant gases from the gas flow
channels to the reaction sites and remove products especially water from the catalyst layer to
flow channel. The carbon structure of the diffusion media helps to transport electrons form
reaction sites to the external circuit. The flow field or channels, or current collector plates, are
manufactured using high electrically conductive materials such as coated metals, graphite, or
ceramics. Flow fields facilitate transport of reactants to reaction sites and removal of products of
the reaction. The bipolar plate (combination of flow field and current collector) provides
robustness and strength to the whole fuel cell structure and conducts electrons between
electrodes through external circuits.
The maximum thermal voltage of a fuel cell that can be calculated from a
thermodynamics relation is given by the relation (Mench, 2008):
𝐸𝑡ℎ = −

∆𝐻
𝑛𝐹

(1.4)

where F is the Faraday constant, n is the number of electrons associated with cell reaction, ∆𝐻 is
the change of enthalpy and 𝐸𝑡ℎ is the maximum thermal voltage. However, there are voltage
losses due to entropy change and the respective cell voltage is predicted by Nernst equation
(Revankar & Majumdar, 2014).
1

𝑎𝐻2 (𝑎𝑂2 )2
−∆𝐺 𝑜 𝑅𝑢 𝑇
𝑜 (𝑇,
𝐸
𝑃) =
+
𝑙𝑛 [
]
𝑛𝐹
𝑛𝐹
𝑎𝐻2 𝑂

(1.5)
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where ∆𝐺 𝑜 is the change of Gibbs function, 𝑅𝑢 is universal gas constant, 𝑎𝑖 is the activity
coefficients of the reactants or product, and 𝐸 𝑜 (𝑇, 𝑃) is the equilibrium cell potential. In this
equation, the first part is known as maximum possible voltage without any irreversible voltage
losses, also known as reversible voltage and the second part accounts the voltage related to
thermodynamic activities of reactants and products (Mench, 2008). Thus, it is essential to
understand the characteristics of the polarization curve, especially to comprehend which type of
over-potentials or voltage losses dominates in respect of cell operation.

1.2.2 Polarization Curve
Polarization curve is the standard graphical representation used to evaluate the cell
performance. It represents nonlinear relationships between the cell voltage and operating current
density in a fuel cell due to several forms of overpotential developed during cell operation. The
cell potential reduces with the increasing the operating current density up to a limiting current
density at which cell potential drop to zero. An example of polarization curve for a fuel cell is
given in the following Fig. 1.2.
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Figure 1.2:

Polarization curve for a fuel cell.

Typically, a polarization curve is labeled by five regions in respect of dominating
polarization behavior during cell operation.
•

Region I: Activation (kinetic) overpotential (voltage losses) at the electrodes is
dominated in this region. This overpotential is calculated by simplifying Butler-Volmer
kinetics equation (Mench, 2008), which is given by:

𝑖𝑐𝑒𝑙𝑙 = 𝑖𝑜 (

𝐶𝑠 𝛾
𝛼𝑎 𝐹
−𝛼𝑐 𝐹
)
[𝑒𝑥𝑝
(
𝜂)
−
𝑒𝑥𝑝
(
𝜂)]
𝐶∗
𝑅𝑢 𝑇
𝑅𝑢 𝑇

(1.6)
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•

Region II: Ohmic overpotential is predominant in this region. The fundamental sources of
this overpotential are electronic and ionic conductivity losses through different
components of the fuel cell. This overpotential is governed by (Mench, 2008):
𝜂𝑜ℎ𝑚 =

•

𝑖 𝐿𝑚
𝜎𝑚

(1.7)

Region III: Concentration polarization is prevailing in this region and the principal
reasons for this loss is reactants mass transport limitations to the electrodes. This
overpotential is counted by (Revankar & Majumdar, 2014):
1 𝑅𝑢 𝑇
𝑖𝑙
𝜂𝑐𝑜𝑛 = (1 + )
𝑙𝑛 (
)
𝛼 𝑛𝐹
𝑖𝑙 − 𝑖

•

(1.8)

Region IV: This region represents the losses from Nernst equilibrium potential. It may
be significant voltage losses and results from the reactants crossover, short-circuits,
impurities or other contaminations.

•

Region V: This region represents the jump from the maximum thermal voltage and it is
because of entropic loss.

Waste heat region and the useful electric power region is also shown in Fig. 1.2. The waste
heat energy is the difference between the maximum thermal voltage and the operating cell
voltage, which includes irreversible heat loss due to the electrochemical reaction, losses because
of electrode overpotentials and joule heating/ohmic losses in the cell components (Khandelwal,
2006), especially in the membrane and catalyst layers.
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1.3 Problem Overview
Water management in the PEM fuel cell is a critical issue for the effective cell operation.
Sufficient water must be maintained in the membrane to facilitate proton transfer, since proton
(H+) conductivity of the membrane depends on sulfonic acid groups and saturation level, and the
excess water should be removed from the cell. The remaining water can flood the cathode of the
fuel cell and diminish the cell performance. Therefore, it is important to understand the twophase flow in the porous diffusion media, originating from water production on the cathode side
of the PEM fuel cell. If the cell is operated either at high relative humidity or high current
density, PEMFC is more likely disposed to the two-phase formation. In addition to this, there is a
possibility to two-phase flow at low temperature and low stoichiometric conditions due to the
rapid mixing of gas phase and water vapor and consequently will lead to flooding (Pasaogullari
& Wang, 2004a). Liquid droplets present in the cell will cover the active reaction sites, will
block the pores of the porous diffusion media, will restrict the oxygen transports to reaction sites,
and ultimately will degrade the cell performance. Since liquid water formation depends on the
saturation pressure of the water vapor, which also functions of the temperature and thus, the
effects of temperature on the two-phase flow are also important to study. Moreover, during
normal operating conditions, because of heat generation, even though has little effect on
temperature but significantly changes the saturation pressure of water. Both these changes
strongly affect the drying/flooding and other degradation phenomenon in the fuel cell, which
deteriorates its performance (Khandelwal, 2006). Therefore, it is also important to understand the
temperature distribution in the different components of the fuel cell and the effects of operating
conditions and thermal properties of diffusion media on temperature variation across the cell.
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However, temperature variation across fuel cell also has a positive impact on removing residual
water after shut-down.

1.4 Literature Review
Over the last two decades, numerous studies and approach adopted to model two-phase
transport phenomena and corresponding water transport in the PEM fuel cell. He, Yi, and
Nguyen (2000) proposed a two-phase transport model using interdigitated flow field and
incorporated capillary transport of liquid water in the air cathode. They found that transport rates
of reactants and products can be improved using interdigitated gas distributor and can minimize
the issue of flooding. He added that shear force of gas flow and capillary forces are the driving
forces for liquid water transport through the porous electrode. The differential pressure generated
between inlet and outlet channels enhance transport of reactants and removal of excess water.
They suggested optimizing the thickness of electrode for optimal performance, as the thinner
electrode may enhance reactant or water transport. However, they did not consider the effect of
operating conditions, material properties of diffusion media and temperature effects in their
analysis.
Wang, Wang, and Chen (2001) developed analytical and numerical two-phase transport
model in the air cathode by considering hydrophilic GDL. They classified single and two-phase
flow existence in respect of threshold current density. They used finite-volume-based
computational fluid dynamics (CFD) technique in conjunction with the two-phase flow to
simulate the existence of two-phase mixture at threshold current density and demonstrated the
water and oxygen distribution and corresponding cell performance at that condition. However,
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they did not consider different material properties of porous gas diffusion media or the effect of
composite pore structured diffusion media and the effects of temperature
Nam and Kaviany (2003) developed effective diffusivity of a fibrous diffusion media in
terms of porosity and liquid saturation through networks models. Then they developed a onedimensional two-phase model by considering the effects of vapor condensation kinetics,
reactants diffusion rate and capillary motion through a hydrophobic diffusion media. They
explored the effects of surface properties of diffusion media and capillary pressure on the liquid
water transport (liquid saturation) in their analysis. They found that single layer GDL exhibits
contradictory tendencies, however, two-layer diffusion media with different surface properties
exhibits saturation discontinuity at their interface and using this phenomenon, excess water from
catalyst layer can be removed, and correspondingly cell performance can be improved. However,
they did not consider the temperature effects in their work.
Pasaogullari and Wang (2004a) explored two-phase liquid transport model and they
considered the effect of material properties of porous diffusion medium on the liquid saturation
in their analysis. They found that hydrophobic gas diffusion layer with large contact angles
enhances water transport and remove excess water from catalyst layer. However, they did not
include electro-osmotic drag and back diffusion effects in the analysis of liquid saturation
distribution. They also showed that the cathode overpotential and cell performance significantly
affected by liquid saturation. However, they also did not consider the effect of composite pore
structured diffusion media and the effects of temperature.
Pasaogullari and Wang (2004b) also investigated two-phase liquid transport model by
incorporating microporous layer (MPL) in the cathode gas diffusion media. They found that
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material properties of microporous layer significantly affect liquid water transport and depending
upon MPL thickness and highly hydrophobicity properties, saturation level at catalyst layer
decreases significantly. However, the inclusion of MPL between GDL and catalyst layer may
affect oxygen, electron transport across diffusion media and water transport across the
membrane. They also found that capillary driven gas phase pressure is an important factor in the
low saturation region and may affect both oxygen and water transport. However, they did not
consider temperature effects in their analysis.
Wang and Wang (2006) developed a non-isothermal two-phase flow three-dimensional
numerical model to investigate water distribution and corresponding flooding across fuel cell.
They found that temperature gradient across fuel cell initiate vapor phase diffusion through the
heat pipe effect and enhances water removal from the gas diffusion layer. They found that vapor
phase diffusion and capillary driven liquid water transport promotes water removal along
through-plane direction under the channel area, but work against each other along the in-plane
direction between the channel area and land. However, they did not include different material
properties of diffusion media and the effects of composite pore structures diffusion media in their
analysis.
Qin, Rensink, Stephan, and Hassanizadeh (2012) analyzed three-dimensional two-phase flow
model of the cathode and included a porous gas channel to incorporate water transport effects
from diffusion media to gas channel. They found that water distribution is affected due to the gas
channel flooding and cannot avoid predicting water distribution accurately. They also found that
humidity conditions greatly affect gas channel flooding, but they suggested optimized humidity
conditions to avoid membrane dehydration and gas channel flooding reduction and the gas flow
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are the major driving force for water transport at the gas channel. However, they did not consider
different material properties of diffusion media, the effects of composite pore structures diffusion
media and the effects of temperature in their analysis.
Wang and Wang (2016) researched on oxygen diffusivity in the porous media and included
pore size and saturation distribution effect in determining effective oxygen diffusivity. But in
their analysis, they did not focus on saturation distribution in the multi-layer gas diffusion and
corresponding effects on effective diffusivity. Moreover, they did not consider the effect of
temperature in their analysis.
Khandelwal, Sungho, and Mench (2009) developed a transient two-phase mathematical
model to analyze water distribution after shut-down. They incorporated phase change induced
flow due to the temperature gradient in the diffusion. They found that liquid water transport by
capillary action is dominated until the irreducible saturation is achieved and after that liquid
water transport by phase change induced flow is dominated and residual water at the catalyst
layer interface can be removed by utilizing the phase change induced flow. Moreover, they
mentioned that removal of waste heat can be enhanced by PCI flow. However, they did not
consider the effect of material properties of diffusion media in their analysis.

1.5 Objectives
From literature survey, it is evident that the key controlling parameters of the two-phase
transport and corresponding water distribution in the PEM fuel cell is: operating conditions
(especially relative humidity, current, and temperature), material properties of porous media
(such as pore structure, surface properties). The objective of this study is to develop a physics-

13

based 1-D mathematical modeling to understand the effects of operating conditions (especially
relative humidity and operating current density) and structures of cell components on the fuel
cell performance. Threshold operating conditions of current density (A/cm2) and relative
humidity (RH) of reactant gases at which water is produced in the liquid form will be analyzed to
find conditions where the effect of liquid water on the cell performance could be serious,
requiring fundamental understanding to remove the liquid water from the porous components in
the cell. The transport of liquid water in equilibrium with water vapor and reactant gases in the
porous diffusion media of the PEMFC is studied by implementing physics of two-phase flow in
porous soil media into the model. The effects of surface properties (i.e. hydrophobicity and
hydrophilicity), wetting characteristics, and pore structures (micro-pore and macro-pore) of
porous diffusion media on liquid water transport will be investigated. Study on heat generation
during cell operation will be conducted to elucidate the temperature effect on water distribution.
Since the liquid water formation depends on vapor saturated pressure which is a strong function
of temperature, a thermal analysis model will be developed to analyze temperature variation
during operation. Especially effects of operating current densities and thermal conductivities of
porous diffusion media on the temperature variation will be investigated. The additional liquid
water transport originated from temperature variation in the cell, known as phase change induced
(PCI) flow, will be introduced in the two-phase flow model, and its effect will be compared with
the capillary driven flow. Finally, the results of the modeling study will be discussed with
physics underlying in the fuel cell operation and will provide key information to develop
mitigation strategies to control water distribution in the operating cell.

CHAPTER 2
MODEL DEVELOPMENT

2.1 Introduction
A physics-based 1-D models provide a basic qualitative understanding of the internal
mechanics of PEM fuel cell during operation and provide a strong platform to develop a multidimensional model. In this model analysis, variations are only considered along through plane
direction (z) across the fuel cell, as shown in Fig. 2.1.

Figure 2.1:

Schematic overview of reactant and water transport.
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2.2 Model Analysis
In this research work, physics-based isothermal 1-D mathematical models were used to
predict water distribution in the PEM fuel cell during operation. Then two-phase flow model was
developed to understand liquid saturation distribution at cathode porous diffusion media. Then
this modeling work was extended to introduce the effect of multi-diffusion layers on liquid
saturation. Next, physics-based 1-D mathematical models were analyzed to predict temperature
distribution in the PEM fuel cell during operation. Then the effect of phase change induced (PCI)
flow on liquid saturation was introduced.

2.2.1 Reactant and Water Transport Model
A physics-based 1-D mathematical model was developed to predict the reactant transport and
water distribution in the different components of the PEM fuel cell. This 1-D analysis is
justifiable as a first approximation to analyze the effect of operating conditions especially inlet
gas humidity conditions and operating current density on the water distribution in the different
components of PEM fuel cell. Water transport in the PEM fuel cell is governed by considering
following phenomena:
i)

Inlet relative humidity or water concentration

ii)

Water generation at the cathode side during operation

iii)

Electro-osmotic drag due to proton transfer from anode to cathode

iv)

Back diffusion of water due to concentration difference and

v)

Convective water removal to gas channel
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Convective mass transfer coefficient at the interface of gas channel and diffusion media is
calculated using heat transfer and mass transfer analogy. The mass transfer parameters Sherwood
number (ShD) is analogous to the Nusselt number (Nu) for dilute mixtures and low mass transfer
rates. For a gas flow channel with a square cross-sectional area, the following correlation
calculates convective mass transfer coefficient (Pasaogullari & Wang, 2004b; Revankar &
Majumdar, 2014):
𝑆ℎ𝐷 =

ℎ𝑚 𝐷ℎ
𝐷𝐻2 𝑂

(2.1)

where ℎ𝑚 is the convective mass transfer coefficient and 𝐷ℎ is the hydraulic diameter. Sherwood
number, 𝑆ℎ𝐷 = 3.66 for uniform surface flux is constant and 𝑆ℎ𝐷 = 4.36 for uniform surface
concentration (Revankar & Majumdar, 2014). The effective diffusion coefficient is modified
considering the effect of porosity and tortuosity of the diffusion media and that effect is counted
𝑒𝑓𝑓

through Bruggman’s relation, 𝐷𝑖

= 𝜖 3/2 𝐷𝑖 , where 𝜖 is the porosity of the diffusion media.

The schematic simplified 1-D control volume of the PEM fuel cell shown in Fig. 2.2. The
governing equation for mass species transport in PEM fuel cell is given by:

[

𝜕𝐶𝑖
⃗ . 𝛻)𝐶𝑖 ] = 𝛻. (𝐽𝑖′′ ) + 𝑆
+ (𝑉
𝜕𝑡

(2.2)

The governing equation (Eqn. 2.2) is simplified and applied to different domains of the
control volume (Fig. 2.2) by considering following assumptions and listed in Table 2.1:
i) Steady state ii) 1-D laminar flow
v) Constant flux

iii) Constant density iv) Constant surface temperature

vi) Isotropic diffusion media
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Table 2.1
Governing Equations (Mass Species Transport)
Anode

Gas Channel:

𝛻. (𝐽𝑖′′ ) = 0 𝑜𝑟

Membrane

Cathode

Gas Channel:

𝑑(𝐽𝑖′′ )
=0
𝑑𝑥

𝑑(𝐽𝑖′′ )
=0
𝑑𝑥

Anode GDL:

Cathode GDL:

𝛻. (𝐽𝑖′′ )=0

𝛻. (𝐽𝑖′′ )=0

Figure 2.2:

1-D control volume of model analysis.

To incorporate the effects of water generation at the cathode, electro-osmotic drag, and
back diffusion in the membrane, a net water transport term (𝑛𝑑 ) is considered at the membrane.
However, the water content in the membrane is one of the important factors that not only affects
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the proton transfer but also overall water distribution profile. The water content in the membrane
depends upon the relative humidity condition of anode and cathode side and the ionic
conductivity of the membrane depends on the amount of water uptake in the membrane. The
water uptake at the interface of the membrane-catalyst layer is expressed following equations
(Revankar & Majumdar, 2014):
𝜆𝑎/𝑐 = 0.043 + 17.81𝑎 − 39.85𝑎2 + 36.0𝑎3

0<𝑎≤1
(2.3)

𝜆𝑎/𝑐 = 14 + 1.4(𝑎 − 1)
𝑃

where water activity 𝑎 = 𝑋𝐻2 𝑂 𝑃

𝑠𝑎𝑡

1<𝑎≤3
and once the interface concentration is known, the water

content in the membrane is calculated by using following equation (Revankar & Majumdar,
2014):
𝑠𝑎𝑡
𝑛𝑑𝑟𝑎𝑔
𝑖
𝑀𝑚
11𝛽𝑜
𝜆𝑚 = 𝐶2 𝑒𝑥𝑝 [ ( )
] . 𝑧 + 𝑠𝑎𝑡
𝑛𝐹 𝜌𝑑𝑟𝑦 . 𝐷𝐻2 𝑂 (𝜆𝑚 ) 11
𝑛𝑑𝑟𝑎𝑔

(2.4)

where C2 is the constant, Mm is the membrane molecular weight, ρdry is the membrane density,
nsat
drag is the electro-osmotic drag coefficient, and βo is the fraction of water generation transport
to the anode. And the corresponding ionic conductivity and water diffusivity coefficient in the
membrane is calculated by using following equations (Revankar & Majumdar, 2014):
1
1
σm = (0.005139λ_m − 0.00326) exp [1368 (
− )]
303 T
1 Lm
λ_m =
∫ λ dz
Lm 0 m

(2.5)
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𝐷𝐻2 𝑂 = 𝐷𝜆 × exp [2416 (

1
1
− )]
303 𝑇

(2.6)

𝐷𝜆 = (2.563 − 0.33λ_m + 0.0264λ_m 2 − 0.000671λ_m 3 )×10−6

𝑓𝑜𝑟 λ_m > 4

where λ_m is the average water content in the membrane and σm is the ionic conductivity of the
membrane (S/cm), Lm is the membrane thickness, and 𝐷𝐻2 𝑂 Is the water diffusivity (cm2/s), T is
the operating temperature (K).
To model water distribution in the PEM fuel cell, a constant flux condition at the
interfaces between different components of the fuel cell is utilized at the control volume, as
shown in Fig. 2.2. This interface relation provides a set of linear equations (Pasaogullari &
Wang, 2004a) which is given below:
Interface between anode channel-GDL:
𝐻 𝑂

𝐻 𝑂

𝐻 𝑂

𝐻 𝑂

2
ℎ𝑚,𝑎 (𝐶1 2 − 𝐶0 2 ) = 𝐷𝐺𝐷𝐿,𝑎

𝐻 𝑂

(𝐶2 2 − 𝐶1 2 )
𝛿𝐺𝐷𝐿

(2.7)

Interface between anode GDL- membrane:
𝐻 𝑂

𝐻2 𝑂
𝐷𝐺𝐷𝐿,𝑎

𝐻 𝑂

𝐻 𝑂

𝐻 𝑂

2
(𝐶2 2 − 𝐶1 2 )
− 𝐶2 2 )
𝑖
𝐻2 𝑂 (𝐶3
− 𝐷𝑚𝑒𝑚
= −2𝑛𝑑
𝛿𝐺𝐷𝐿
𝛿𝑚
𝑛𝐹

(2.8)

Interface between membrane-cathode GDL:
𝐻 𝑂

𝐻2 𝑂
𝐷𝑚𝑒𝑚

𝐻 𝑂

𝐻 𝑂

𝐻 𝑂

2
(𝐶3 2 − 𝐶2 2 )
− 𝐶4 2 )
𝑖
𝐻2 𝑂 (𝐶3
+ 𝐷𝐺𝐷𝐿,𝑐
= (2𝑛𝑑 + 1)
𝛿𝑚
𝛿𝐺𝐷𝐿
𝑛𝐹

(2.9)
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Interface between cathode GDL- cathode channel:
𝐻 𝑂

𝐻 𝑂
ℎ𝑚,𝑐 (𝐶4 2

−

𝐻 𝑂
𝐶5 2 )

=

𝐻2 𝑂
𝐷𝐺𝐷𝐿,𝑐

𝐻 𝑂

(𝐶3 2 − 𝐶4 2 )
𝛿𝐺𝐷𝐿

(2.10)

where 𝑖 is the operating current density, 𝑛𝑑 is the net water transport through membrane and 𝛿𝑖 is
the thickness of the respective domain of the fuel cell. Using these linear equations, water
distribution at different components of the PEM fuel cell is analyzed at different operating
conditions (Inlet gas humidity conditions and operating current density). The channel
concentration depends on the humidification level of the channels. These equations also used to
calculate threshold local operating current density (𝐼𝑜𝑛𝑠𝑒𝑡 ), by considering the concentration at
𝐻 𝑂

𝐻 𝑂

2
membrane-diffusion media interface, 𝐶3 2 = 𝐶𝑆𝑎𝑡
, as shown in Fig. 2.2, characterizing the

maximum value of local current density after which two-phase exists in the cell.

2.2.2 Two-Phase Flow and Liquid Water Transport Model in Porous Diffusion Media
Gas diffusion media (GDM) is one of the important cell components in the PEM fuel cell.
It provides supports to the membrane, distribute reactants (oxygen) to the catalyst layer, conduct
electrons to reaction sites and promotes removal of excess water. This model is implemented at
the cathode porous gas diffusion media due to the water generation takes place at the membranecathode GDL interface and electro-osmotic drag of water for proton transport to cathode across
the membrane. Thus, the model is confined to the cathode porous diffusion media. When the fuel
cell is operated at high current density, the electrochemical reaction rate is high enough to
support required reactants (especially oxidizer) due to available pore blocks by the excess water
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at the cathode diffusion media. To develop the two-phase flow model, the catalyst layer is also
assumed to be infinitely thin (Pasaogullari & Wang, 2004b) and oxidation reduction reaction
takes place at the interface of polymer membrane and porous diffusion media.
Two environmental scanning electron micrographs (Nam & Kaviany, 2003) are shown in
Fig. 2.3 when the diffusion media is exposed to the liquid saturated atmosphere. It is seen that
even though water is condensed in the porous media and fill up the pores, still there are available
void pores which provide necessary paths to transport reactants to the catalyst layer.

Figure 2.3:

ESEM of DM, exposed to the saturated atmosphere (Nam & Kaviany, 2003).

Since water is generated at the cathode catalyst layer due to the electrochemical reaction,
the generated water starts to condense, when the vapor pressure exceeds saturation level and
formed tree-like water transport shown in Fig. 2.4. Usually, two types of water transports, micro,
and macro transport are considered to occur concurrently (Nam & Kaviany, 2003). Many
condensation sites are activated near the catalyst layer to form micro-droplets and aggregates by
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associating with other droplets. This result micro transport of water in the form of small to macro
droplets and transport condense water from condensation sites towards macro droplets.

Figure 2.4:

Water transport model through diffusion media (Pasaogullari & Wang, 2004a).

The macro-droplets continue to aggregate, fill the pores until reaching the threshold of
immobile saturation condition. Since the high liquid saturation has higher liquid pressure, water
starts to flow through the flow path of macro-droplets towards channel from higher liquid
saturation region to lower saturation region. Thus, after reaching threshold immobile saturation
condition, accumulated water transport takes place from catalyst layer to channel through
capillary motion. During this flow, water prefers lagers pores to experience less flow restriction
and require less capillary pressure to flow.
Capillary pressure is the difference between gas phase pressure and liquid phase pressure
at the diffusion media. The liquid water transport at the porous diffusion is driven by the
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capillary action due to the capillary pressure distribution throughout the diffusion media. The
following equation governs the capillary pressure (Pasaogullari & Wang, 2004a):

𝑃𝑐 = 𝑃𝑔 − 𝑃𝑙

(2.11)

where 𝑃𝑔 is the gas phase pressure and 𝑃𝑙 is the liquid phase pressure. However, depending upon
the surface properties (hydrophilic/ hydrophobic) of the porous diffusion media, liquid water
transport varies significantly. In hydrophobic diffusion media, liquid water exists as non-wetting
phase while gas exists in non-wetting phase in hydrophilic diffusion media (Fig. 2.5). But
usually, hydrophobic PTFE is added to the surface of the hydrophilic media structure to enhance
excess water removal from catalyst layer.

Figure 2.5:

Characterization of surface properties of diffusion media
(http://www.ramehart.com/contactangle.htm).

Moreover, wetting characteristics (contact angles) porous diffusion media influences the
capillary pressure and consequently affect liquid water transport. Hence in addition to surface
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properties, wetting characteristics are also one of the important aspect of PEM fuel cell material
design. Thus, both surface properties and wetting characteristics of porous diffusion media play a
vital role to control two-phase transport characteristics in the diffusion media (Mench, 2008). By
considering above mentioned facts using Eqn. 2.11, surface properties of diffusion media are
characterized as:

Hydrophobic DM : 𝑃𝑐 < 0 and 𝜃𝑐 > 90𝑜
(2.12)
Hydrophilic DM : 𝑃𝑐 > 0 and 𝜃𝑐 < 90𝑜

The pressure differential due to the liquid saturation variation at the diffusion media
enhances liquid water transport. In this model work, liquid phase and gas phase are treated as
non-mixing and which allows separating wetting and non-wetting phase. In addition to this,
when gas phase gets saturated with water vapor in the diffusion media, only liquid water
transport is considered across porous diffusion media. In the PEM fuel cell operation, higher
liquid saturation is usually occurring in the catalyst layer while it decreases in the proximity of
the channel. By using Darcy’s law, liquid phase flux can be expressed as (Pasaogullari & Wang,
2004a):

𝑢𝑙 = −
⃗⃗⃗

𝐾 𝑘𝑟𝑙
∇P𝑙
𝜇𝑙

(2.13)

where 𝐾 is the permeability of diffusion media and 𝑘𝑟𝑙 is the relative permeability of the liquid
water phase. Since liquid and gas phase exist in the diffusion media and both shares available
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pore spaces, the effective cross-sectional area for each phase is less than the total available pores
spaces. This effect is taken account by introducing relative permeability in the mass flux
equation. In this modeling work, diffusion media is assumed to be isotropic porous medium and
relative permeability is expressed cubic relations to the liquid saturation (using Wyllie model)
(Mench, 2008):

𝑘𝑟𝑙 = 𝑠 3 ;

𝑘𝑟𝑔 = (1 − 𝑠)3

(2.14)

Since gas phase pressure is assumed to constant throughout the diffusion media (GDL).
Thus, the liquid phase pressure varies across the diffusion media and Eqn. 2.13 becomes:

𝑢𝑙 =
⃗⃗⃗

𝐾 𝑘𝑟𝑙
∇P𝑐
𝜇𝑙

(2.15)

Leverett function is used to predict accurately liquid water transport in the diffusion
media through correlating between capillary pressure and liquid saturation (Wang & Wang,
2006). Capillary pressure strongly depends on liquid saturation, in addition to surface
tension/morphology/ tortuosity /porosity of diffusion media (Mench, 2008). Capillary transport
behavior of porous media in multiphase models is commonly described by employing a generic
Leverett function from soil science (Leverett, 1941). Since porous media has similar
characteristic behavior, Udell used Leverette’s approach to formulate capillary pressure as a
function of liquid saturation and which is given by:
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𝜖 2
𝑃𝑐 = 𝜎 cos(𝜃𝑐 ) ( ) 𝐽(𝑠)
𝐾

(2.16)

where 𝜎, 𝜖, and 𝜃𝑐 are the surface tension, GDL porosity, and contact angle respectively, and
𝐽(𝑠) represents Leverrett function, which is given by:

𝐽(𝑠) = {

1.417(1 − 𝑠) − 2.120(1 − 𝑠)2 + 1.263(1 − 𝑠)3 𝑓𝑜𝑟 𝜃𝑐 < 90𝑜
1.417𝑠 − 2.120𝑠 2 + 1.263𝑠 3
𝑓𝑜𝑟 𝜃𝑐 > 90𝑜

(2.17)

Liquid flux can be expressed in terms of liquid saturation using Eqn. 2.15 and Eqn. 2.16:

1

𝑘𝑟𝑙 𝜎 cos(𝜃𝑐 ) (𝜖𝐾)2
𝑢𝑙 =
⃗⃗⃗
𝛻 𝐽(𝑠)
𝜇𝑙

(2.18)

By substituting the liquid-water velocity in the liquid continuity equations, a governing
equation for liquid-water transport can be formulated as:

𝑑(𝜖𝜌𝑙 𝑠)
= ∇(𝜌𝑙 ⃗⃗⃗
𝑢𝑙 )
𝑑𝑡

(2.19)

Since the gas phase pressure is constant throughout the GDL, the gas phase velocity is
negligible and the principal mode of liquid water transport is the capillary transport of liquid.
Because of isothermal assumption in the model, condensation, or evaporation inside the GDL is
negligible. By considering the osmotic drag and back diffusion between anode and cathode, the
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constant net water transport coefficient (𝑛𝑑 ) is assumed. At steady state conditions, combining
net water transport with water generation, integrating Eqn. 2.19 over the diffusion media:

𝜌𝑙 ⃗⃗⃗
𝑢𝑙 = −

𝑖
(2𝑛𝑑 + 1)𝑀𝐻2 𝑂
2𝐹

(2.20)

where the right-hand side is the net water flux into the diffusion media and substituting liquid
flux (Eqn. 2.18) into Eqn. 2.20,
1

𝜎 𝑐𝑜𝑠(𝜃𝑐 ) (𝜖𝐾)2
𝑖
𝛻 𝐽(𝑠) = −
(2𝑛𝑑 + 1)𝑀𝐻2 𝑂
𝜈𝑙
2𝐹

(2.21)

where i is the operating current density. Eqn. 2.21 is further simplified depending upon surface
properties of the diffusion media and distribution of liquid saturation studied accordingly. Since
Eqn. 2.21 is a 1st order ODE, only one boundary condition is necessary to solve the equation.
This boundary condition is usually governed by liquid saturation level at the interface of cathode
diffusion media and gas channel. In this research work, it is assumed that liquid water is not
present in the channel and therefore, there will be no liquid saturation at the interface of cathode
diffusion media and channel. This condition of zero liquid saturation is justified for carbon cloth
diffusion media and valid for carbon paper diffusion media with high stoichiometry condition
(Pasaogullari & Wang, 2004a).
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2.2.3 Composite Porous Structures of Diffusion Media
Since removing excess water from the PEM fuel cell undoubtedly improve cell
performance and facilitate to overcome cell flooding related issues. From previous analysis, it is
also found that liquid water flux from catalyst layer to channel depends on surface properties and
wetting characteristics of the porous diffusion media. Therefore, to remove excess water from
the cell, the idea of composite porous structures with different surface properties and wetting
characteristics is implemented in the diffusion media with the beneficent effects of capillary
pressure. Moreover, it is noted by several researchers that liquid-water flux through the porous
diffusion media can be enhanced by implementing composite porous structures with different
porosity and wetting characteristics (Pasaogullari & Wang, 2004a). It is not only improving the
liquid-water removal from the reaction sites but also allows to transport required reactants
(oxygen) to the catalyst layer. A typical composite porous structures diffusion media is shown in
Fig. 2.6.

Figure 2.6:

Composite pore structures of diffusion media in a typical fuel cell.
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In this study, composite porous structures (micro-pore and macro-pore) diffusion media
with hydrophobic surface properties is introduced in the cathode of PEM fuel cell and its effect
on the two-phase transport in the diffusion media is analyzed. Usually, a micro-porous layer
(MPL) and a gas diffusion layer (GDL) is considered to define a composite porous structure.
Since the liquid-water transport is generated by capillary pressure, the capillary pressure at the
interface between GDL and MPL should be continuous (Nam & Kaviany, 2003) and can be
written as
𝑃𝑐 ]𝐺𝐷𝐿 = 𝑃𝑐 ]𝑀𝑃𝐿
1

𝜖 2
𝜎 cos(𝜃𝑐 ) ( ) 𝐽(𝑠)]
𝐾

1

𝐺𝐷𝐿

𝜖 2
= 𝜎 cos(𝜃𝑐 ) ( ) 𝐽(𝑠)]
𝐾

(2.22)
𝑀𝑃𝐿

Since the variables of liquid-water transport (liquid saturation) is not continuous in this
model, numerical solution of liquid saturation distribution throughout the multi-diffusion media
is solved by flowing steps:
i)

Liquid saturation for gas diffusion media is solved using simplified Eqn. 2.21 using
diffusion media-channel interface boundary condition.

ii)

Using Eqn. 2.22, GDL-MPL interface liquid saturation can be calculated.

iii)

After calculating interface liquid saturation, the simplified Eqn. 2.21 is again used to
characterize the liquid saturation throughout the MPL.

The physical properties and respective values used for simulation are listed in the Table 2.2.
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Table 2.2
Physical Properties and Values used for Simulation
Properties

Value

Surface Tension, 𝜎 (Pasaogullari & Wang, 2004a)

0.0625

Net water transport coefficient, 𝑛𝑑

0.5

Porosity, ε

0.5

H2O diffusivity, (Pasaogullari & Wang, 2004a)

2.235 x 10-5

m2/sec

H2O Density (Pasaogullari & Wang, 2004a)

974.85

Kg/ m3

H2O Viscosity (Pasaogullari & Wang, 2004a)

3.43 x 10-5

Pa.S

Reference O2 molar concentration (Qin, Rensink,

40.88

mol/ m3

N/m

Stephan, & Hassanizadeh, 2012)

2.3 Thermal Analysis Model
A physics-based 1-D mathematical model was developed to predict the typical temperature
distribution the different components of the PEM fuel cell. This 1-D analysis is reasonable as an
initial approximation to explore the effect of material properties, especially porous diffusion
media thermal conductivities on the temperature distribution in a PEM fuel cell. The simplified
1-D control volume of the PEM fuel cell shown in Fig. 2.7, accounts for the heat transfer from
the polymer electrolyte membrane, catalyst layer, anode/cathode porous diffusion media, and
backing plate.
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Figure 2.7:

1-D control volume of thermal analysis.

The energy equation is simplified for this model by considering following assumptions:
i)

Constant thermal conductivity

ii)

Negligible viscous dissipation

iii)

Negligible compressibility effects

iv)

Negligible radiation and convection heat transfer rate

𝜌cp [

𝜕𝑇
⃗ . 𝛻)𝑇] = 𝛻. (𝑘𝛻𝑇) + 𝑄̇
+ (𝑉
𝜕𝑡

(2.23)

where 𝑄̇ is the volumetric heat generation and is considered only in the membrane and catalyst
layers region. The volumetric heat generation in the membrane is due to the joule heating (ohmic
resistance) which is dependent on ionic conductivity and hydration level in the membrane.

𝑄𝑚̇ =

𝑖2
𝜎𝑚

(2.24)
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where 𝑄𝑚̇ is the volumetric heat generation at the membrane and 𝜎𝑚 is the ionic conductivity in
the membrane. The volumetric heat generation in the anode/cathode catalyst layers is computed
from the respective half-cell reaction entropic loss and total polarization including activation
overpotential, joule heating/ ohmic losses, and concentration overpotential.
𝑄𝑐𝑙̇ =

𝑖
𝑇. ∆𝑆
[− (
) + 𝜂]
𝑡𝑐𝑙
𝑛𝐹

(2.25)

where 𝑄𝑐𝑙̇ is the volumetric heat generation at catalyst layer, 𝑖 is the operating current density, 𝑛
is the number of electrons, 𝐹 is the Faraday constant, 𝑡𝑐𝑙 is the thickness of catalyst layer, ∆𝑆 is
the entropy change, 𝑇 is the operating temperature and 𝜂 is the total polarization. The energy
equation (Eqn. 2.23) is further simplified by using following assumptions:
i)

Steady state

ii)

1-D analysis

iii)

Constant density

iv)

Isotropic GDL

The modified governing equations in respect of different domain of the control volume
(Fig. 2.7) is listed in Table 2.3.
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Table 2.3
Governing Equations (Thermal Transport)
Anode
# Anode backing plate:
kB.

𝑑2𝑇
=0
𝑑𝑥 2

# Anode diffusion media:
𝑑2𝑇
kG. 2 = 0
𝑑𝑥
# Anode catalyst layer:
kC.

𝑑2𝑇
= -𝑄𝑎̇
𝑑𝑥 2

Membrane

km.

𝑑2𝑇
= -𝑄𝑚̇
𝑑𝑥 2

Cathode
# Cathode backing plate:
kB.

𝑑2𝑇
=0
𝑑𝑥 2

# Cathode diffusion media:
𝑑2 𝑇
kG. 2 = 0
𝑑𝑥
# Anode catalyst layer:
kC.

𝑑2𝑇
= -𝑄𝑐̇
𝑑𝑥 2

Boundary conditions:
i)

Dirichlet boundary conditions: applied at backing plate’s boundary.

ii)

Heat flux continuity and equal temperature boundary conditions: applied in all
interfaces.

The parameters used for thermal model analysis is provided in Table 2.4.
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Table 2.4
Dimensional and Material Properties for the Simplified Model
Parameter

Value

Membrane thickness

50 µm

Anode/Cathode diffusion media thickness

275 µm

Anode/Cathode catalyst layer thickness

25 µm

Backing plate thickness

2 mm

Polymer electrolyte membrane thermal conductivity

0.12 W/m.K

Anode/Cathode catalyst layer thermal conductivity

0.27 W/m.K

Anode/Cathode diffusion media thermal conductivity 1.7 W/m.K (Toray)
(Khandelwal, 2006)

0.31 W/m.K (SIGRACET 5 wt. %)

Thermal contact resistance between backing plate
2 x 10-4 m2 K/W
and diffusion media (Khandelwal, 2006)

Entropy change (Kampien & Fomino, 1993)

Anode

Cathode

∆S =

∆S =

0.104 J/mol.K

-326.36 J/mol.K

2.3.1 Phase Change Induced (PCI) Flow
From previous analysis, it is evident that liquid water transport in the diffusion media
takes place because of capillary pressure. However, additional water transport can take place due
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to the temperature variation in the components of the fuel cell, which is defined as phase change
induced (PCI) flow. From the thermal analysis, it is obvious that temperature gradient exists in
the fuel cell during operation. If the temperature variation exists in the cell, liquid water can
evaporate from hot location and diffuse to a colder location in the vapor phase, where the
diffused vapor can condense because of change in vapor pressure. Generally, this phenomenon
has similarities with heat-pipe effect, but there is no circulation of condensed water to the hightemperature region. This typical conception of heat-pipe effect is shown in Fig. 2.8.

Figure 2.8:

Temperature driven phase change induced (PCI) flow in the porous media
(Khandelwal, Sungho, & Mench, 2009).

The mass flux due to temperature gradient is given as (Khandelwal, Sungho, & Mench,
2009):
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𝑚̇ 𝑥 = 𝐷

𝑀𝑤 𝑑 𝑃𝑠𝑎𝑡
(
) = 𝐷𝐺𝑇 𝛻𝑇
𝑅 𝑑𝑇 𝑇

(2.26)

where 𝐷 is the binary diffusion coefficient, 𝑀𝑤 is the molecular weight of water, 𝑃𝑠𝑎𝑡 is the
saturation pressure and 𝐷𝐺𝑇 is the equivalent diffusion coefficient of water vapor. By combining
with Eqn. 2.19, a modified liquid-water transport can be formulated as:
𝑑(𝜖𝜌𝑙 𝑠)
𝐾 𝑘𝑟𝑙
= 𝜌𝑙 𝛻 (
𝛻𝑃𝑙 ) + 𝛻(𝐷𝐺𝑇 𝛻𝑇)
𝑑𝑡
𝜇𝑙

(2.27)

By considering the capillary transport and phase change induced transport, net liquid
water flux can be written as:

𝑚̇ 𝑥 = −𝜌𝑙 (

𝐾 𝑘𝑟𝑙
) 𝛻P𝑙 − 𝐷𝐺𝑇 𝛻𝑇
𝜇𝑙

(2.28)

CHAPTER 3
RESULTS AND DISCUSSION

3.1 Introduction
This modeling work helps to predict reactant and water distribution profile at different
operating conditions. It will elucidate the effects of surface properties of porous diffusion media
on two-phase transport and corresponding fuel cell performance. These analyses will provide
necessary guidelines to design a fuel cell and predicting effective cell performance. The
modeling work is analyzed using MATLAB R2014a.

3.2 Isothermal Analysis of Reactant and Water Distribution
The isothermal 1-D mathematical model developed to analyze the reactant and water transport
or distribution in the different components of the proton exchange fuel cells. The effects of
operating conditions (gas humidity conditions and operating current density) on the distribution of
water were demonstrated with this modeling work. The respective physical and transport
properties used for analysis are listed in the Table 2.1.

3.2.1 Effect of Gas Humidity Conditions
Fig. 3.1 shows water concentration distribution at a constant current density (i = 1.0
A/cm2) for different gas humidity conditions across various components of the PEM fuel cell. It
is observed that at 50%-50% relative humidity condition at anode and cathode side, the water
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concentration is higher at cathode side than anode side. Since water is generated due to oxygen
reduction reaction (ORR) at the catalyst layer-membrane interface at the cathode side, in addition
to the effect of electro-osmotic drag caused by proton (H+) transfer from the anode to cathode
and back diffusion effects. It is also seen that if gas humidity conditions at cathode side are
increased, the amount of water concentration is also hiking and escalating possibility of cathode
flooding.

Figure 3.1:

Water distribution at different relative humidifies for i = 1.0 A/cm2.

However, if the inlet gas humidity conditions at anode side are increased, it helps to
maintain required membrane saturation and supports water transport through electro-osmotic
drags associated with proton (H+) transfer. When the humidity conditions are low (10% RH) at
the anode side, even though 100% RH at the cathode side, there is a possibility of membrane
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dry-out at the anode side, as shown in Fig. 3.1. Therefore, it is clear from the analysis that high
humidified condition (high humidified H2) is desirable at anode side than cathode side for
effective fuel cell operation.

3.2.2 Effect of Current Densities
Figure 3.2 shows water concentration distribution across the components of the PEM fuel
cell at constant gas humidity condition (50% anode-50% cathode) for different operating current
densities. The rate of molar generation of water is governed by the Faraday’s law (Mench, 2008):
𝑛̇ 𝐻2 𝑂 =

Figure 3.2:

𝑖
𝑛𝐹

(3.1)

Water distribution at different current densities for 50/50 %RH condition.
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The rate of water transport due to electro-osmotic drag is governed by following equation
(Mench, 2008):
𝑛̇ 𝐻2 𝑂 = 𝑛𝑑𝑟𝑎𝑔

𝑖
𝑛𝐹

(3.2)

where 𝑖 is the current density (A/cm2), F is the Faraday constant and 𝑛𝑑𝑟𝑎𝑔 is the electro-osmotic
drag coefficient, which depends on water content in the membrane. From the Faraday’s law, it is
remarkable that with the increase of current density, the rate of water generation will increase
respectively. Since water is generated due to oxygen reduction reaction (ORR) at the catalyst
layer-membrane interface at the cathode side and it is predictable that water concentration will
increase with current density. This phenomenon is clearly predicted in the Fig. 3.2, where water
concentration increases are remarkable due to water generation at the cathode side, with the
increase of current density from 0.5 A/cm2 to 1.5 A/cm2. However, water concentration at the
cathode decreases with the increase of current density due to electro-osmotic drag. It is because
required amount proton (H+) transfer is needed from anode to cathode to support the oxygen
reduction reaction (ORR) operating at higher current density, and proton (H+) drags some water
with its movement from the anode to cathode and consequently water concentration decreases at
the anode side. Therefore, it is clear from the analysis that at high humidified condition, PEM
fuel cell should be operated at lower current densities to avoid excess water accumulation in the
fuel cell.
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3.2.3 Effect of Relative Humidity in Threshold Current Density
Threshold local current density is the maximum operating current density after which
two-phase (gas and liquid water) flow should be considered at the cathode porous diffusion
media. Fig. 3.3 shows the variation of threshold local current density in respect of inlet humidity
conditions of anode and cathode. From the plot, it is visible that threshold current density is
purely a function of inlet humidity conditions or inlet water mole fractions of anode and cathode
and depending upon humidity conditions, threshold current density varies significantly. For
instance, at 50% RH condition in the cathode, the threshold local current density increases with
the reduction of humidity level at the anode side and can operate fuel cell without considering
the effect of two-phase flow up to that current density. However, if the inlet gas humidity level is
high in both anode and cathode side, there is a possibility for two-phase conditions increases at
low current density and must consider two-phase flow at that operating condition. It is obvious
that Fig. 3.3 useful to predict threshold operating conditions and humidified condition should be
considered during fuel cell design.
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Figure 3.3:

Variation of threshold current densities at different RH conditions.

Fig. 3.4 shows water concentration distribution at different relative humidity conditions
and respective threshold local current density across various components (through-plane
direction) of the PEM fuel cell. It is observed that at 0% RH condition at anode side (anode
channel is at dry condition), the net water flux is toward the anode at the threshold current
density and the flux is due to back diffusion of water molecules from cathode to anode.
However, there is a possibility of membrane dry-out at anode side due to low humidity condition
at the anode channel. From the previous analysis, it was evident that with the increase of current
density, electro-osmotic drag effects increased to support electrochemical reaction and
consequently water amount in the anode are reduced. Thus, high humidified condition preferred
at the anode side and which is clearly visible at threshold current density for higher humidity
conditions. It is obvious that both Fig. 3.3 and Fig. 3.4 are useful to suggest the operation
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guideline for effective cell operation. It is useful to predict the operating condition to avoid
membrane dry-out, to optimize humidification load, and to deal two-phase flow.

Figure 3.4:

Water distribution at threshold current density for different operating
conditions.

3.2.4 Effect of Liquid Saturation on Cathode Overpotential
Fig. 3.5 shows cathode overpotential for the variation of liquid saturation at cathode
porous diffusion media. It is visible from the model analysis that there is an increase in cathode
overpotential with the increase of liquid saturation, indicating the reduction in required mass
transfer for cathode reaction. With the increase in saturation, it is not only block the available
pores for oxygen diffusion but also covers available reactive sites for cathode reaction. However,
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the overpotential can be slightly reduced by increasing the oxygen channel concentration or
operating at a high stoichiometric ratio.

Figure 3.5:

Variation of cathode overpotential with liquid saturation.

3.2.5 Effect of Liquid Saturation on Cell Performance
Fig. 3.6 shows the variation of cell voltage with the operating current density. In this
analysis, the liquid saturation is considered 0.6 and the operating conditions is 50%-50% RH
conditions at both anode and cathode sides. From the analysis, it is obvious that liquid saturation
significantly affects the cell performance. With the increase of current density, reactant transport
is limited by the liquid saturation and it is also found that increase in current density causes
significant ohmic voltage losses. Moreover, it is found that there is a huge activation loss at low
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current density if the liquid saturation is present in the cell. Therefore, it is necessary to remove
residual water from the cell to enhance performance.

Figure 3.6:

Variation of cell voltage with current density for a liquid saturation.

3.2.6 Effect of Surface Properties of Porous Diffusion Media on Liquid Saturation
Saturation profiles for different surface properties (hydrophilic/hydrophobic) of porous
diffusion media are predicted using Eqn. (2.21). Fig. 3.7 shows the variation of liquid saturation
across diffusion media at 1.0 A/cm2 for the contact angles of hydrophilic (𝜃𝑐 < 90𝑜 ) and
hydrophobic (𝜃𝑐 > 90𝑜 ) diffusion media are 80o and 100o respectively. From the plot is it
evident that even though there is no water in the channel, the level of liquid saturation at the
membrane-catalyst layer interface can be higher than 10%, depending upon surface properties of
diffusion media and may lead to cathode flooding due to excess water in the fuel cell. However,
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depending upon humidity condition at the anode and operating current density, water transport
from the anode to cathode due to the electro-osmotic drag may affect the liquid saturation level.
It is also obvious that using hydrophobic GDL liquid saturation level at membrane-catalyst layer
interface can be reduced by about 50% than hydrophilic GDL. It is because of hydrophobic GDL
has good capacity to maintain the higher capillary pressure which is useful for water transport.
Hence, modeling results are predicting that hydrophobic GDL enhances water transport from
catalyst layer and serves better excess water removal trend than hydrophilic GDL. Therefore,
hydrophobic GDL is considered for further analysis.

Figure 3.7:

Liquid saturation for different surface properties of a porous diffusion
media.
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3.2.7 Effect of Contact Angles on Water Saturation
Fig. 3.8 shows the variation of liquid saturation across hydrophobic porous diffusion
media at 1.5 A/cm2 for different contact angles. Hydrophobic GDL displays more hydrophobic if
contact angles >90𝑜 . It is clearly seen that contact angles of hydrophobic diffusion media have a
great effect on water distribution. With the increase of contact angles, liquid saturation at the
membrane-catalyst layer decreases, because it has the useful capacity to maintain higher
capillary pressure to remove excess water from the diffusion media. Therefore, for designing
hydrophobic diffusion media, larger contact angles are suggested to control liquid saturation
inside the fuel cell.

Figure 3.8:

Liquid saturation at different contact angles of a porous diffusion media.
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Fig. 3.9 shows the how the capillary pressure works toward removing excess water from
hydrophobic diffusion media operating at current density 2.0 A/cm2. From the previous section,
it is known that liquid water transport at the porous diffusion is driven by the capillary action due
to the capillary pressure distribution throughout the diffusion media, which is governed by Eqn.
2.11 and Eqn. 2.16. Since in this modeling work, gas phase pressure is considered constant,
water transport from diffusion media is fully governed by liquid phase pressure exerted by
accumulated liquid droplets at catalyst layer. The modeling results clearly predicted that liquid
phase pressure is high at catalyst layer-membrane interface, and the resulting pressure imbalance
promotes liquid water transport from higher liquid saturation to lower liquid saturation.

Figure 3.9:

Variation of liquid and gas phase pressure across diffusion media.
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3.2.8 Effect of Porosity and Tortuosity on Water Distribution
Fig. 3.10 shows the water distribution across the components of the fuel cell for different
porosities of the diffusion media, operating at current densities 1.0 A/cm2 and 0.1 A/cm2
respectively. From the results, it is evident that porosity of diffusion media has the great impact
on water transport throughout the fuel cell. It was seen from previous analysis that with the
increase of current density, the water generation is increased. However, diffusion of water
significantly affected by the porosity and tortuosity of the diffusion media. In this analysis, the
effect of tortuosity (n= 0.5) and porosity (n=1) is implemented using Bruggemann’s correlation
𝑒𝑓𝑓

for effective diffusion coefficient (𝐷𝑖

= 𝜀 𝑛 𝐷𝑖 = 𝜀 (1+0.5) 𝐷𝑖 = 𝜀 1.5 𝐷𝑖 ). Also, it is seen that with

the increase of porosity of diffusion media, the water concentration gradient at the catalyst layer
interface decreases even cell is operated at different current densities, implying that with the
increase of porosity, water transport experiences less flow restriction and consequently the rate
of diffusion increases. Thus, diffusion media with larger porosity is preferred to remove excess
water from the cell.
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(a)

(b)
Figure 3.10:

Water variation across fuel cell for different porosities of porous media:
(a) porosity = 0.4 and (b) porosity = 0.7.
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3.3 Liquid Saturation in the Composite Pore Structured Diffusion Media
The inclusion of the microporous layer (MPL) in the porous diffusion media enhances the
water transport from catalyst layer to channel. Since the material properties (porosity/wetting
properties) of microporous layer is different than gas diffusion layer, it is not only influences
liquid water transport but also affects the liquid saturation profile in the porous diffusion media.
Because of the different surface properties in the composite pore structured diffusion media, a
saturation jump is developed at the interface of the two layers to maintain equal capillary
pressure. However, this method of saturation jump is exploited at the interface of micro-pore
layer and macro-pore layer to remove residual water from the catalyst layer and promotes liquid
water transport across diffusion media. However, it is crucial to customize the material
properties of these layers to take the advantage of saturation level reduction at catalyst layer.
Therefore, the effects of microporous thickness, porosity, and wetting characteristics (contact
angle) were analyzed to suggest necessary guidelines for designing composite structures
diffusion media with different surface and material properties.

3.3.1 Effect of Thickness of Microporous Layer (MPL) on Liquid Saturation
The thickness of microporous layer must be optimized to enhance liquid water transport
and saturation level reduction at the catalyst layer. Fig. 3.11 shows the liquid saturation profiles
across diffusion media for composite structures of the diffusion media operating at current
density 2.0 A/cm2. In this analysis, the total thickness of the cathode porous diffusion media is
considered 300 µm, and the microporous layer thickness was varied between 10 µm to 50 µm.
From the analysis, it is evident that the liquid saturation profile in the micro-porous layer is
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greatly influenced by the thickness of the microporous layer (MPL) and the liquid saturation
level can be reduced using MPL. However, the thickness of MPL should be less than 50 µm to
take the advantage of saturation level reduction at catalyst layer. Due to the material properties
(especially porosity and permeability) of the microporous layer (MPL), with the increase of the
thickness of MPL, water transport through MPL experiences a flow restriction and consequently,
higher liquid saturation distribution is observed for 50 µm MPL thickness. Therefore, less than
50 µm MPL thickness is suggested for designing multi-layer or composite structures porous
diffusion media.

Figure 3.11:

Liquid saturation profiles for different MPL thickness.
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3.3.2 Effect of Porosity of Microporous Layer (MPL) on Liquid Saturation
As like MPL thickness, the porosity of the MPL also has impacts on liquid saturation
distribution in the MPL. Fig. 3.12 shows the liquid saturation profiles across multi-layer
diffusion media for different pore structures of the MPL, operating at current density 2.0 A/cm2.
In this analysis, the thickness of the MPL is considered 25 µm. It is obvious that with the
increase of porosity of MPL, liquid saturation at membrane-catalyst layer decreases. Since liquid
water transport through MPL experiences a steep flow restriction at lower porosities, which
require higher capillary pressure to overcome this restriction and consequently increase liquid
saturation distribution in the MPL. On the other hand, liquid water transport experiences a
relatively less flow restriction at higher porosities in MPL. Consequently, less pressure
differential is required to overcome flow restriction, which enhances water transport from
catalyst layer and reduces liquid saturation in MPL. Therefore, higher MPL porosities (0.4 or
higher) is suggested for designing multi-layer or composite structures porous diffusion media.
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Figure 3.12:

Liquid saturation profiles for different MPL porosities.

3.3.3 Effect of Contact Angles of MPL on Liquid Saturation
As like MPL thickness and porosity, the wetting characteristics (contact angles) of the
MPL also has impacts on liquid water transport and corresponding liquid saturation distribution
in the MPL. Fig. 3.13 shows the liquid saturation profiles across multi-layer diffusion media for
different contact angles of the MPL, operating at current density 2.0 A/cm2. In this analysis, the
porosity of the MPL is considered 0.4 with MPL thickness 25 µm. From the results, it is
noticeable that with the increase of contact angles, liquid saturation in the MPL reduces. It is
clearly seen that discontinuity or saturation jump at the interface of GDL and MPL is inverted at
lower MPL contact angles (92o). It may be liquid water transport experiences a flow restriction
with lower MPL contact angles and consequently liquid saturation increases across the

55

microporous layer. However, there is an enlargement of saturation discontinuity or saturation
jump at the GDL and MPL interface with the increase of contact angles (116o) and liquid water
transport experiences a less flow restriction, which enhances the water transport and reduces
liquid saturation in the MPL or catalyst layer. Therefore, larger MPL contact angles are proposed
for designing multi-layer or composite structures porous diffusion media.

Figure 3.13:

Liquid saturation profiles with different MPL contact angles.

3.4 Temperature Variation in the PEM Fuel Cell
From the previous section of polarization curve, it is evident that the cell voltage decreases
nonlinearly with operating current density until a limiting current condition is reached. During
cell operation waste heat generation takes place due to the irreversible heat of electrochemical

56

reaction, polarization at each electrode and joule heating/ ohmic losses in all components of the
fuel cell. Even though this heat generation during normal operating condition has a relatively
insignificant effect on temperature variation, but somewhat affect the saturation pressure of
water. Consequently, leading to drying/flooding and other cell degradations, which deteriorates
the cell performance. Therefore, it is necessary to remove generated waste heat from the cell
during operation and need to analyze the corresponding temperature variation across the fuel cell
due to the different thermal properties of the various components. To analyze the typical
temperature distribution in the different components of the PEM fuel cell a physics-based 1-D
mathematical model was developed. The corresponding governing equations and geometric and
material properties were listed in Table 2.4 and Table 2.5 respectively.

3.4.1 Effect of Current Density on Temperature Variation
Fig. 3.14 shows the temperature profiles across fuel cell components operating at current
densities 0.1 A/cm2 and 1.0 A/cm2 respectively. In this analysis, the thermal conductivities of
Torey diffusion media were used. From the analysis, it is visible that operating current density
has great influence on temperature variation across fuel cell. With the increase of operating
current density, the temperature variation increases due to the rate of increase of waste heat
generation and different thermal properties of fuel cell components. Thus, by regulating
operating current density, the temperature gradient across fuel cell components can be controlled.

57

Figure 3.14:

Temperature variation with operating current density.

3.4.2 Effect of Thermal Conductivity of Diffusion Media on Temperature Variation
Fig. 3.15 shows the temperature profiles across fuel cell components for different
diffusion operating at current density 1.5 A/cm2. From the results, it is seen that thermal
conductivities of the diffusion media impacts on temperature variation across the fuel cell.
Depending upon the type of diffusion media and corresponding thermal conductivities, the
temperature gradient across the fuel cell can be controlled. Since conduction is the only mode of
heat transfer, and thermal properties of the components of the fuel cells are different, which
significantly affects heat transfer rate and consequent temperature variation. Therefore, by
controlling operating current density and designing effective diffusion media with desired
thermal properties, the temperature variation across the fuel cell can be characterized, which will
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be not only useful to remove waste heat generation during operation but also used to initiate
phase change induced flow after shutdown to remove residual water from the cell.

Figure 3.15:

Temperature variation with different diffusion media.

3.5 Effect of Temperature Variation on Phase Change Induced Flow
Fig. 3.16 shows the liquid saturation profiles with the temperature gradient across porous
diffusion media operating at current density 1.5 A/cm2. From results, it is seen that temperature
gradient has a significant impact on phase change induced transport. With the increase of
temperature gradient across diffusion media, the rate of evaporation of liquid water at the
catalyst layer increases and consequently liquid saturation at diffusion media decreases.
Therefore, a larger temperature gradient is desired to enhance phase change induced flow.
However, the temperature variation depends on the type of diffusion media, thermal
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conductivities of diffusion media and operating current densities and the high-temperature
gradient can be achieved through two ways:
i)

Just before shut-down: operating at high current densities

ii)

By implementing of diffusion media with lower thermal conductivities

Figure 3.16:

Liquid saturation variation with temperature drop across diffusion media.

CHAPTER 4
CONCLUSION AND FUTURE WORK

4.1 Conclusion
In this work, a physics-based one-dimensional mathematical model has been developed to
predict water distribution in the fuel cell components during operation for different operating
conditions, especially gas humidity conditions and operating current densities. It is found that
humidity and operating current density have the significant impact on water distribution across
fuel cell and should be considered during cell design. High humidified condition in the anode
support electro-osmotic drag and overcome membrane dry-out at the anode side. Since water
generation increases with current density, water distribution across fuel cell greatly influenced by
humidity conditions and threshold current density at which water is formed in the liquid phase
leads to the two-phase flow in the diffusion media.
The 1-D mathematical model also developed to predict liquid saturation distribution (twophase flow) for the variations of intrinsic properties of the porous diffusion media such as
wettability, porosity, and tortuosity. To understand fundamental physics to govern water
transport through different pore structures, composite porous media having different pore sizes is
introduced in this work. It is found that the presence of liquid droplets limits mass transfer to
catalyst layer and responsible for active area reduction, which degrades cell performance.
Capillary pressure plays a vital role to enhance water transport across diffusion media and
hydrophobic GDL with large contact angles is more effective in removing residual water from
the catalyst layer. Composite pore structures (micro-macro pore) diffusion media enhance liquid
water transport and reduce saturation level from catalyst layer using the advantages of saturation
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discontinuity at the interface of GDL-MPL. It is also found that the material characteristics of
MPL effect on liquid saturation distribution across diffusion media. MPL thickness, porosity and
contact angles play a significant role to remove excess water from catalyst layer.
Physics-based one-dimensional thermal analysis model also has been developed to predict
temperature variation across the components of the fuel cell. It is found that temperature across
the different components of the fuel cell depends on operating current density, diffusion media
type and thermal properties of diffusion media. This temperature gradient significantly affects
saturation pressure during operation, however, this gradient is the key factor to initiate phase
change induced (PCI) flow after shutdown. It is found that phase change induced flow removes
excess water from catalyst layer using the heat pipe effect phenomena, however, the water
transport through PCI flow is fully contingent upon temperature gradient across diffusion media.
From this study, following suggestions are concluded to control excess water accumulation
in the fuel cell, to avoid membrane dry-out and for effective fuel cell operation:
(i)

Humidity and operating current density should be considered during fuel cell design.

(ii)

High humidified conditions should be maintained at the anode side.

(iii)

For high humidity condition, the operating current density should be lower and vice
versa.

(iv)

Hydrophobic diffusion media with larger contact angles (𝜃𝑐 > 93𝑜 ) is suggested.

(v)

For composite porous diffusion media, MPL thickness < 50 µm, MPL porosity > 0.4,
and MPL contact angles >100o are suggested.

(vi)

To initiate PCI flow: before shut-down, high operating current is suggested and

(vii)

Diffusion media with lower thermal conductivity is proposed.
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4.2 Future Work
In this study, phase change induced flow is limited to transport phenomenon, however, the
heat of vaporization due to phase change may affect the heat transfer rate and corresponding
temperature variation across fuel cell and this effect can be used to predict temperature
distribution. Also, the effect of phase change induced flow is limited to cathode diffusion media
(DM) only, however, the temperature gradient exists in components of the fuel cell and this
phenomenon can be applied to explore the thermo-osmotic drag effect across membrane or
anode DM and corresponding effects on liquid saturation distribution. Due to complex structures
and morphology of porous diffusion media, the actual behavior in presence of two-phase flow
needs to investigate further to catch the effective diffusion through porous diffusion media.
Moreover, the effect of composite pore structured diffusion media on water transport across the
membrane, reactant and electrons transport across diffusion media need to effectively analyze.
Furthermore, this modeling work is conducted in through plane directions (1-D model) and can
be extended for 2-D and 3-D numerical model analysis.

REFERENCES

Davies, K. (2014). FCSys. Retrieved from http://kdavies4.github.io/FCSys/
He, W., Yi, J. S., & Nguyen, T. V. (2000). Two-phase flow model of the cathode of PEM fuel
cells using interdigitated flow fields. AICHE Journal, 46, 2053-2064.
doi:10.1002/aic.690461016
Kampien, M. J., & Fomino, M. (1993). Analysis of free energy and entropy changes for half cell
reactions. Journal of Electrochemical Society, 140, 3537-3546.
Khandelwal, M. (2006). Measurement of thermal conductivity and contact resistances of fuel cell
material. University Park: The Pennsylvania State University.
Khandelwal, M., Sungho, L., & Mench, M. M. (2009). Model to predict temperature and
capillary pressure driven water transport in PEFCs after shutdown. Journal of
Electrochemical Society, 156, B703-B715.
Leverett, M. C. (1941). Capillary behavior in porous solids. Trans. Am. Inst. Min. Metall. Pet.
Eng., 142, 152-169.
Mench, M. M. (2008). Fuel cell engines. New Jersey: John Willey & Sons, Inc.
Nam, J. H., & Kaviany, M. (2003). Effective diffusivity and water-saturation distribution in
single and two-layer PEMFC diffusion medium. International Journal of Heat and Mass
Transfer, 46, 4595-4611.
Pasaogullari, U., & Wang, C. Y. (2004a). Liquid water transport in gas diffusion layer of
polymer electrolyte fuel cells. Journal of Electrochemical Society, 151, A399-A406.
Pasaogullari, U., & Wang, C. Y. (2004b). Two-phase transport and the role of micro-porous
layer in polymer electrolyte fuel cells. Electrochimica Acta, 49, 4359-4369.

64

Qin, C., Rensink, D., Stephan, F., & Hassanizadeh, S. M. (2012). Two-phase flow modeling for
the cathode side of a polymer electrolyte fuel cell. Journal of Power Sources, 197, 136144.
Revankar, S., & Majumdar, P. (2014). Fuel cells: principles, design, and analysis. Florida: CRC
Press.
Wang, S., & Wang, Y. (2016). Investigation of the through-plane effective oxygen diffusivity in
the porous media of PEM fuel cells: Effects of the pore size distribution and water
saturation distribution. International Journal of Heat and Mass Transfer, 98, 541-549.
Wang, Y., & Wang, C. Y. (2006). A non-isothermal, two-phase model for polymer electrolyte
fuel cells. Journal of Electrochemical Society, 153, A1193-A1200.
Wang, Z. H., Wang, Z. H., & Chen, K. S. (2001). Two-phase flow and transport in the air
cathode of proton exchange membrane fuel cells. Journal of Power Sources, 94, 40-50.

